The effects of type of grinding of barley and dehydrated alfalfa (DA) were tested in rabbits weaned at 35 d of age with an average BW of 846 ± 93 g. Four nonmedicated diets were arranged in a 2 × 2 factorial structure, with type of grinding (coarse grinding with a 4.5-mm screen or fine grinding with a 1.5-mm screen) of barley (TGB) and DA (TGDA) as the main factors. A total of 1,056 mixed-sex rabbits (264 per diet) were fattened until d 63. Most of these rabbits (216 per diet) were housed in pairs and were used only to record mortality rate. Mortality was also recorded for the remaining 192 rabbits, which were housed individually and used to determine growth performance. From this group, 100 rabbits were used to determine digestive traits. Apart from those rabbits, a different group of 88 rabbits (44 housed individually and the remaining 44 housed in pairs) was used in the digestibility trial. All rabbits in this group were used to determine ileal digestibility (13 pools of ileal digesta per diet) and ileal mucin concentration (6 pools of ileal digesta per diet), whereas only the 44 individually housed rabbits were used to assess the fecal digestibility coefficients (11 rabbits per diet). Last, a jejunal sample was excised from 32 of the 44 individually housed rabbits to determine mucosal histology. Treatments did not affect ADG, ADFI, or G:F in the entire fattening period, but in the 49-to 63-d period, the diet containing both finely ground barley and DA reduced ADFI (P = 0.08) compared with the other treatments (130 vs. 137 g). Moreover, this diet increased total digestive tract (4.76%, P = 0.08) and cecal content (11.3%, P = 0.08) weights compared with the other 3 treatments. Pylorus (P = 0.09) and mixed digesta (P = 0.06) pH, respectively, were reduced from 1.53 and 1.59 to 1.37 and 1.44 when both barley and DA were finely instead of coarsely ground. Grinding both barley and DA coarsely reduced the ileal digestibility of starch (0.899 vs. 0.936, P = 0.06), increased (P < 0.01) its ileal flow and content in the feces to 1.66 g/d and 7.42 g/kg of DM, respectively, and led to decreased fecal digestibility (0.932 vs. 0.951, P < 0.01) compared with fine grinding. Coarse DA shortened villi (612 vs. 704 μm, P = 0.02), increased crypt depth (121 vs. 92.1 μm, P = 0.01), and reduced the villus:crypt ratio (5.08 vs. 7.66, P < 0.01) compared with finely ground DA. Furthermore, the greatest ileal crude mucin (148 vs. 107 g/kg of DMI, P = 0.02) and sialic acid (71.7 vs. 61.7 mg/kg of DMI, P = 0.04) concentrations were reported in rabbits receiving the diet with both coarsely ground barley and DA. Finally, mortality rate was not influenced by treatments, with an average of 9.64%. In conclusion, the diet containing finely ground barley and coarsely ground DA did not increase the weight of cecal contents, resulting in increased feed intake and leading to increased ileal digestibility and reduced ileal flow of starch.
ABSTRACT:
The effects of type of grinding of barley and dehydrated alfalfa (DA) were tested in rabbits weaned at 35 d of age with an average BW of 846 ± 93 g. Four nonmedicated diets were arranged in a 2 × 2 factorial structure, with type of grinding (coarse grinding with a 4.5-mm screen or fine grinding with a 1.5-mm screen) of barley (TGB) and DA (TGDA) as the main factors. A total of 1,056 mixed-sex rabbits (264 per diet) were fattened until d 63. Most of these rabbits (216 per diet) were housed in pairs and were used only to record mortality rate. Mortality was also recorded for the remaining 192 rabbits, which were housed individually and used to determine growth performance. From this group, 100 rabbits were used to determine digestive traits. Apart from those rabbits, a different group of 88 rabbits (44 housed individually and the remaining 44 housed in pairs) was used in the digestibility trial. All rabbits in this group were used to determine ileal digestibility (13 pools of ileal digesta per diet) and ileal mucin concentration (6 pools of ileal digesta per diet), whereas only the 44 individually housed rabbits were used to assess the fecal digestibility coefficients (11 rabbits per diet). Last, a jejunal sample was excised from 32 of the 44 individually housed rabbits to determine mucosal histology. Treatments did not affect ADG, ADFI, or G:F in the entire fattening period, but in the 49-to 63-d period, the diet containing both finely ground barley and DA reduced ADFI (P = 0.08) compared with the other treatments (130 vs. 137 g). Moreover, this diet increased total digestive tract (4.76%, P = 0.08) and cecal content (11.3%, P = 0.08) weights compared with the other 3 treatments. Pylorus (P = 0.09) and mixed digesta (P = 0.06) pH, respectively, were reduced from 1.53 and 1.59 to 1.37 and 1.44 when both barley and DA were finely instead of coarsely ground. Grinding both barley and DA coarsely reduced the ileal digestibility of starch (0.899 vs. 0.936, P = 0.06), increased (P < 0.01) its ileal flow and content in the feces to 1.66 g/d and 7.42 g/kg of DM, respectively, and led to decreased fecal digestibility (0.932 vs. 0.951, P < 0.01) compared with fine grinding. Coarse DA shortened villi (612 vs. 704 μm, P = 0.02), increased crypt depth (121 vs. 92.1 μm, P = 0.01), and reduced the villus:crypt ratio (5.08 vs. 7.66, P < 0.01) compared with finely ground DA. Furthermore, the greatest ileal crude mucin (148 vs. 107 g/kg of DMI, P = 0.02) and sialic acid (71.7 vs. 61.7 mg/kg of DMI, P = 0.04) concentrations were reported in rabbits receiving the diet with both coarsely ground barley and DA. Finally, mortality rate was not influenced by treatments, with an average of 9.64%. In conclusion, the diet containing finely ground barley and coarsely ground DA did not increase the weight of cecal contents, resulting in increased feed intake and leading to increased ileal digestibility and reduced ileal flow of starch.
INTRODUCTION
Because of the herbivorous nature of rabbits, commercial feeds contain both fibrous and highly concentrated ingredients to meet nutrient requirements and achieve high productivity. Thus, barley and dehydrated alfalfa (DA) currently account for more than 50% of the average feed composition for growing rabbits (De Blas and Mateos, 1998) . The feed manufacturing pro-cess can reduce the particle size of ingredients by grinding (Morisse, 1982; Heidenreich, 1992; Melcion, 2000) , leading to noticeable changes in their physical structure. Some authors (Mateos and Rial, 1989; Lebas, 2000) recommend the use of grinder screen sizes not smaller than 2.5 mm. However, other screen sizes may affect the properties of barley and DA, hence the diet of the rabbits.
In young rabbits, the particle size of the dietary fiber source affects the rate of passage of digesta (Gidenne et al., 1991; Gidenne, 1993) , nutrient digestion Nicodemus et al., 2006) , and feed intake (Candau et al., 1986; García et al., 2002) . In addition, coarse fibrous ingredients could reduce intestinal flora biodiversity (Nicodemus et al., 2004) , whereas excessive grinding (grinder screen size of 0.25 mm) increases the retention time of digesta in the intestine (Laplace and Lebas, 1977) , predisposing rabbits to diarrhea (Auvergne et al., 1987) .
Furthermore, fine grinding of barley results in smaller granules, which provide a greater surface area per unit of DM (Svihus et al., 2005) . Thus, fine grinding of cereals may facilitate enzymatic digestion of starch in rabbits (Méndez et al., 1998) and increase the nutritional value of the cereals. Unfortunately, few studies on ileal starch digestion in rabbits (Gutiérrez et al., 2002; Gómez-Conde et al., 2007) are presently available, and none of them studied the effect of cereal particle size (Blas and Gidenne, 1998) .
Several authors (Mateos and Rial, 1989; Méndez et al., 1998) proposed that combining 2 different types of grinding could be useful in rabbit feeding: a fine grinding for cereals and a coarse one for fibrous ingredients. However, this hypothesis has never been tested experimentally. Moreover, the effect of ingredient particle size on intestinal morphology and mucin dynamics has not hitherto been studied in rabbits. Therefore, this work aimed to test the effect of barley and DA particle size on fattening performance, nutrient digestibility, jejunal histology, and mucin ileal concentration in growing rabbits.
MATERIALS AND METHODS
This study was approved by the Ethics Committee of the Universidad Politécnica de Madrid. Rabbits were handled according to the principles for the care of animals in experimentation (Spanish Royal Decree 1201 Government of Spain, 2005) .
Animals and Housing
This study was carried out at the Universidad Politécnica de Madrid facilities with litters of multiparous New Zealand × Californian does originating from strains genetically improved at the Universidad Politécnica de Valencia (Spain). Rabbits were housed in the same building in flat-deck cages measuring 600 × 250 × 330 mm. Most (908) of the rabbits were housed in pairs, whereas 236 rabbits were housed individually. All rabbits were kept under controlled environmental conditions (room temperature between 16 and 24°C, with a light:dark cycle of 12 h; the light was switched on at 0730 h).
Experimental Diets
A common experimental diet was formulated for all the treatments according to the nutrient recommendations of De Blas and Mateos (1998) . Thereafter, 4 treatments were arranged in a 2 × 2 factorial structure with 2 main effects: type of grinding of barley (TGB) and type of grinding of DA (TGDA). Barley and DA were ground coarsely with a 4.5-mm screen or ground finely with a 1.5-mm screen. Thus, 4 dietary treatments were obtained: 1) a diet with coarse barley and coarse DA, 2) a diet with coarse barley and fine DA, 3) a diet with fine barley and coarse DA, and 4) a diet with fine barley and fine DA. Barley and DA were ground separately in a hammer mill (40 HP, model M/R 340, Rosal S.A., Barcelona, Spain). For all the dietary treatments, the rest of the ingredients were milled through a grinder screen size of 2.5 mm. All the diets were pelleted (3 × 6 mm) and included 5 g of DA/kg of DM labeled with an indigestible marker (Yb) according to the procedure described by García et al. (1999) . The ingredient composition of the diets is shown in Table  1 . Animals had ad libitum access to feed and water throughout the entire experimental period. Neither the feed nor the drinking water was medicated with antibiotics. With the exception of a coccidiostatic additive (60 mg/kg of robenidine), no other medications were provided in the feed or drinking water.
Fattening Performance and Mortality
A total of 1,056 mixed-sex rabbits (264 per diet) weaned at 35 d of age were blocked by litter and assigned at random to the experimental diets over 3 consecutive trials (14-d delay between trials). All these rabbits were fattened until the age of 63 d. From these 1,056 rabbits, 192 (average BW of 806 ± 12 g at weaning; 48 per diet) were used to determine fattening performance. Feed intake and BW gain were recorded per rabbit at d 14 after weaning and at the end of the fattening period [63 d of age (i.e., 28 d after weaning of rabbits)]. Fattening performance was not determined for the other rabbits (216 per diet), and those 864 rabbits were housed in pairs. Mortality was recorded daily for all 1,056 animals from 35 to 63 d of age. To evaluate the microbial air composition of the farm, 10-g samples of dust were collected over the air extractors at the beginning, on d 14, and at the end of each of 3 trials.
Digestive Traits
A total of 100 rabbits selected at random from the 192 animals of the fattening group and equitably over the 3 trials (9, 8, and 8 rabbits per diet in the first, second, and third trial, respectively) were slaughtered at 63 d of age to assess various digestive traits. Rabbits were slaughtered between 1900 and 2100 h to avoid the influence of cecotrophy (Merino and Carabaño, 2003) . The gastrointestinal tract was removed and weighed, and the stomach and cecum were weighed separately with and without their contents. The pH of cecal and stomach contents was determined. The stomach was cut lengthwise from the cardia to pylorus. In the stomach digesta, measurements of pH were taken by introducing the electrode into the fundus and pyloric areas. Afterward, gastric contents were emptied and pH was recorded again in the mixture of both areas.
Energy and Nutrient Digestibility
In the first trial, a different group of 88 mixed-sex rabbits (44 housed individually and the remaining 44 housed in pairs) was used in the digestibility trial. These rabbits were not part of the main group of 1,056 rabbits. All 88 rabbits were used to determine ileal digestibility and ileal mucin concentration, whereas only the 44 individually housed rabbits were used to assess the fecal digestibility coefficients. These 44 rabbits (mean BW at weaning: 851 ± 14 g) were blocked by litter and assigned at random to the experimental diets (n = 11 per diet) to determine the apparent fecal digestibility of DM, energy, CP, and NDF (Pérez et al., 1995) . Apparent fecal digestibility of starch was determined with 4 rabbits per diet. Animals were individually housed in wire metabolism cages and had ad libitum access to feed and water during the entire experimental period. After an adaptation period of 8 d, the feed intake and total fecal output (cecotrophy was not prevented) were recorded from 43 to 46 d of age. Feces collected daily were stored at −20°C, dried at 80°C for 48 h, and ground to pass a 1-mm sieve for analysis. Before grinding, particle size was determined in the dried hard feces in 3 rabbits per diet.
The other 44 rabbits from this group were also blocked by litter, assigned at random to the experimental diets (11 per diet), and housed in pairs in wire flatdeck cages. These 44 rabbits, as well as the previous 44 rabbits used for the determination of the apparent fecal digestibility, were slaughtered in a hermetically closed CO 2 chamber at 46 d of age to determine the apparent ileal digestibility of DM, CP, and starch (88 rabbits total; 22 per diet). Slaughter time was between 1900 and 2100 h to avoid the influence of cecotrophy on the chemical composition of the digesta (Merino and Carabaño, 2003) . The caudal 20 cm of the ileum was excised and the ileal contents were removed, frozen, and freezedried. For chemical analysis of the ileal digesta, the samples were then ground, and because of the small quantity available in some instances, they were pooled in groups of 2 rabbits from the same treatment to analyze CP, starch, Yb, and crude mucin, resulting in 13 samples per diet except for crude mucin (6 samples per diet). Ytterbium concentrations in experimental diets (Yb d ) and ileal digesta (Yb id ) were analyzed to calculate apparent ileal digestibility of DM, CP, and starch The ileal flows of DM, CP, and starch were calculated by multiplying the apparent ileal digestibilities obtained for each pool of samples by the average daily intake of DM, CP, and starch recorded for the corresponding animals. Cecal digestibilities of CP and starch were determined by subtracting the ileal digestibility from the fecal digestibility.
Histological Procedures
A 6-cm sample was excised from the middle part of the jejunum from 32 rabbits (8 per diet) to determine mucosal histology. These rabbits were part of the 44-rabbit group used to assess fecal nutrient digestibility. The samples were placed in a 10% buffered neutral formaldehyde solution (pH 7.2). Samples were gradually dehydrated with increasing concentrations of ethanol (50 to 100%). Samples were then embedded in paraffin, sectioned at 6 μm, and stained with hematoxylin and eosin (AFIP, 1968) . Five slides containing jejunal crosssections were prepared for each sample and were viewed at 40× magnification under a light microscope (Olympus BX40, Olympus Optical Co., Hamburg, Germany). Images were digitally captured for later assessment of their mucosal morphologies by computer-assisted image analysis (The ImageJ, Wayne Rasband, National Institutes of Health, Bethesda, MD). Villus heights and associated crypt depths were measured (30 vertically oriented villi per animal) according to the procedure described by Hampson (1986) .
Chemical Analysis and Clostridium perfringens Enumeration
All chemical analyses were conducted in triplicate. Procedures of the AOAC (2000) were used to determine DM (method 934.01), ash (method 967.05), Dumas N (method 968.06), and starch (method 996.11). Content of NDF was determined using the method of Mertens (2002) , whereas the analyses of ADF and ADL were done according to method 973.18 of the AOAC (2000). All fiber analyses were done sequentially and were corrected for ash content of the ADL residue. Both NDF and ADF were determined using a filter bag system (Ankom Technology, New York, NY). Gross energy was measured by adiabatic bomb calorimetry.
Ytterbium concentrations in diets and ileal digesta were analyzed by atomic absorption spectrometry (Smith Hieftje 22, Thermo Jarrel Ash, Franklin, MA) using predosed samples to prepare common matrix standards. Previously, samples were ashed (600°C) and then digested by boiling with a solution of 1.5 M HNO 3 and KCl (3.81 g/L).
Particle sizes of barley and DA before pelleting of the feed (Table 2) were determined in triplicate according to the method recommended by the ASAE (1995). The distribution of particle sizes in the diets and hard feces was determined on 3 samples by wet sieving as described by García et al. (1999) . Briefly, a dried sample of 55 g was placed in 1,100 mL of distilled water and 30 mL of commercial detergent (Conejo, Henkel Ibérica, Barcelona, Spain). It was left overnight, with stirring at room temperature. It was then emptied onto a sieve stack with 4 sieves with decreasing pore sizes (1.25, 0.635, 0.315, and 0.160 mm) and washed with water for 20 min. The 1.25-mm sieve was then removed, allowed to drain for 1 h, and weighed. The same process was done for 10, 6, and 4 min for the sieves with pore sizes of 0.635, 0.315, and 0.160 mm, respectively. The flow of water used was 1.5 to 2 L/min. Afterward, all the samples collected were transferred to different trays and DM was determined. Contents of NDF and starch (method 996.11; AOAC, 2000) were also measured in these samples. The geometric mean particle size was calculated according to the method of Pfost and Headley (1976) . The chemical composition and particle size of the experimental diets are shown in Table 3 .
Crude mucin was analyzed in freeze-dried ileal samples according to modifications of the methods described by Lien et al. (1997) and Horn et al. (2009) . Briefly, 1 g of freeze-dried ileal digesta sample was placed in a 50-mL plastic centrifuge tube. Twenty milliliters of NaCl solution (0.15 M NaCl and 0.02 NaNH 3 , kept at 4°C) was added to the ileal sample. This was followed by homogenization for 30 s in a Polytron instrument (model RE 16, Janke & Kunkel, IKA-Labortechnik, Staufen, Germany). The mixture was then centrifuged at 12,000 × g for 20 min at 4°C. The soluble supernatant was decanted into a new preweighed 50-mL tube. Fifteen milliliters of absolute ethanol was added to the supernatant for extraction of mucin proteins. The mixture was extracted overnight at −20°C. Later, it was centrifuged at 1,400 × g for 10 min at 4°C and the mucin pellet was retained. Ten milliliters of chilled NaCl solution (0.15 M NaCl and 0.02 NaNH 3 , kept at 4°C) and 15 mL of absolute ethanol were added to wash the mucin pellet. The sample was extracted overnight at −20°C and then centrifuged again at 1,400 × g for 10 min at 4°C. The mucin pellet was washed until a clear supernatant was obtained. Water was removed from the mucin pellet by suction, and the pellet was then weighed, frozen, and freeze-dried to determine crude mucin yield. Nitrogen was measured in the freeze-dried pellet. The remaining pellet was dissolved in 2 mL of distilled water and im- Table 2 . Particle size distribution (%) of barley and dehydrated alfalfa processed through a grinder screen size of 4.5 or 1.5 mm, and geometric mean particle size (GMPS) These measurements were performed before the pelleting of the feed. Coarse and fine ingredients were processed through a 4.5-or 1.5-mm grinder screen, respectively.
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Values calculated from FEDNA (2003).
3
Geometric mean particle size.
mediately frozen at −20°C to carry out further analyses. Sialic acid concentration was determined from the purified crude mucin samples by using the ferric orcinol assay based on modifications by Schauer (1978) . In this method, bound or free sialic acids are oxidized by HCl in the presence of heat. The oxidized sialic acids form a blue or purple chromophore with orcinol and Fe
3+
. N-Acetylneuraminic acid was used as the standard. Briefly, 50 μL of crude mucin solution was diluted with 150 μL of distilled water in a 1.5-mL microcentrifuge tube and 200 μL of Bial reagent (0.2 g of orcinol, 81.4 mL of concentrated HCl, 2 mL of 1% FeCl 3 , and H 2 O to 100 mL) were added to the samples and heated for 15 min at 100°C in a water bath. The samples were then cooled at room temperature water for 5 min. Isopentyl alcohol (1 mL) was added to the sample, vortexed vigorously, and chilled on ice for 5 min. The samples were then centrifuged at 1,000 × g for 1 min at 4°C, and 200 μL of the upper color phase were transferred to a 96-well plate. Absorbance was measured at 550 nm using a plate reader. Sialic acid concentration was established from regression of the standard (N-acetylneuraminic acid) vs. absorbance. Ytterbium ratio in the diet to that in the ileal digesta was used to convert intestinal crude mucin and sialic acid content to a DMI basis.
The cecal count of C. perfringens was determined in all the rabbits used in the digestibility trial. The enumeration was performed according to ISO standard 7937 (ISO, 1997) . This technique analyzes all the toxinotypes of C. perfringens. Sampling was achieved by blending each 1-g sample of digestive content with 9 mL of peptone water. All blended samples were vortexed and further diluted. All dilutions (5 dilutions per sample) were plated to determine the populations of the suspensions. The cultural medium used was agar tryptose sulfite added with antibiotic d-cycloserine (Byrne et al., 2008) . Agar plates were incubated at 37°C in anaerobic jars with CO 2 -generating envelopes for 18 h. The C. perfringens cells reduced sulfite to sulfide and, in the presence of iron, black colonies developed. These colonies were observed and counted. Samples of dust were analyzed in duplicate according to ISO standard 7937 (ISO, 1997) . In addition, the 10-fold diluted solution was previously heated to 75°C for 15 min to estimate the concentration of spores in the samples.
Statistical Analysis
Data on growth performance, digestive traits, crude mucin, and digestibilities were analyzed as a completely randomized design with TGB and TGDA and their interaction as the main sources of variation by using the GLM procedure (SAS Inst. Inc., Cary, NC). In the analyses of growth traits, litter was used as a block and weaning weight was used as a covariate. The trial and its interaction with the dietary treatments were also included as explanatory variables in the model when analyzing growth performance, digestive traits, and mortality rate. The rabbit was the experimental unit for growth data and digestive traits, whereas the digesta pool was the experimental unit for the analyses of crude mucin and digestibilities.
The C. perfringens counts and fattening mortality results were analyzed using generalized linear models (McCullagh and Nelder, 1989) with the GENMOD procedure of SAS. The experimental unit was the rabbit and the litter effect was accounted for in the analysis by using the repeated statement of the GENMOD procedure. A Poisson distribution was used for the C. perfringens cecal counts, and the link function was the natural logarithm, which related the mean count with the linear combination of the explanatory variables used in these analyses. Mortality results were analyzed using a binomial distribution. The link function for the mortality rates was the logit-transformation, ln[(μ/ (1 − μ)], where μ was the mean value. The effects of TGB, TGDA, and their interaction were included as explanatory variables in both analyses.
The results obtained for histological assessment were studied using a repeated measures analysis with the MIXED procedure of SAS (Littell et al., 1996) , including in the model TGB, TGDA, and their interaction. A compound symmetry structure was fitted because it showed the largest value of the Schwarz Bayesian criterion (Littell et al., 1998) . The experimental unit was the rabbit. The significance level of the main effects was set at P ≤ 0.05, whereas the interactions were considered significant at P ≤ 0.10. All data are presented as least squares means.
RESULTS

Dietary Particle Size
Differences attributable to the type of grinding could be noticed in the raw ingredients (Table 2 ) before the pelleting of the feed. As commonly observed in field conditions, DA presented greater proportions of fine particles than did barley for the same grinder screen size. These differences were reduced after pelleting (Table 3).
The diet containing both barley and DA ground coarsely had 54.1% of DM as large particles (LP; ≥0.315 mm), whereas the diet containing fine barley and fine DA had 48.8% of DM as LP (Table 3 ). The diet including coarse barley and fine DA had a percentage of LP slightly less than that of the diet made with fine barley and coarse DA (50.5 and 53.0% of DM, respectively). This small difference could stem from the greater inclusion of DA than barley in the experimental diet (27.5 vs. 24.0%) and from the greater percentages of fine particles found for DA in comparison with barley for the same grinder screen size.
Differences in type of grinding influenced not only the dietary percentage of LP, but also the chemical composition among the different size classes (NDF and starch). Average content of NDF in LP was greater in diets containing coarse DA compared with diets including fine DA (on average, 308 vs. 283 g/kg of DM). Similarly, diets including coarse barley had on average 72.3 g/kg of DM of starch in LP, whereas diets with fine barley had only 64.4 g/kg of DM of starch in this size class.
Fattening Performance and Mortality
Fattening performance data from 3 trials were combined because the trial did not affect the results. During the first 2 wk after weaning (from 35 to 49 d of age), dietary treatments did not affect ADG, ADFI, or G:F (Table 4 ). In the next 2 wk (from 49 to 63 d of age), fine grinding of both barley and DA reduced ADFI compared with ADFI in the rest of the treatments, resulting in an interaction (TGB × TGDA, P = 0.08). For the whole fattening period, no dietary effect was detected on growth traits.
Mortality rate was not affected by treatments (Table  4 ) but was influenced (P < 0.01) by the trial. Most animals died of digestive diseases (>90%). Average mortality rates were 5.9, 7.0, and 16.0% for the first, second, and third trial, respectively. The result was consistent with the evolution of the environmental enumeration of C. perfringens spores. Increasing mean counts of C. perfringens spores (820, 1,600, and 33,500 cfu/g in trials 1, 2, and 3, respectively) were found in the dust collected over the air extractors.
Digestive Traits
The trial did not influence any of the digestive traits determined (Table 5) . Dietary treatments did not affect fundus pH (on average, 1.71), but fine grinding of both barley and DA reduced pH measured at the pyloric area (TGB × TGDA, P = 0.09) and in mixed digesta (TGB × TGDA, P = 0.06) in comparison with the diet containing coarse barley and DA. Pylorus and mixed digesta pH, respectively, were reduced from 1.53 and 1.59 to 1.37 and 1.44. Diet did not influence cecal pH (on average, 5.54).
Total full digestive tract (+4.76%) and cecal contents (+11.3%) were heavier in rabbits fed the diet containing both barley and DA that were finely ground as compared with the other 3 treatments, resulting in an interaction (TGB × TGDA, P = 0.08). Treatment did not affect the empty weight of the stomach (on average, 13.8 g/kg of BW) or the weight of or DM in stomach contents (47.4 g/kg of BW and 27.2%, respectively). The C. perfringens cecal count was not affected by either TGB or TGDA (on average, 3.1 log cfu/g).
Nutrient Digestibility
When both barley and DA were ground coarsely, the apparent ileal digestibility coefficient of DM was less than the average value of the rest of the treatments, which resulted in an interaction (0.408 vs. 0.469; TGB × TGDA, P = 0.03; Table 6 ). The same interaction was observed for the ileal digestibility of starch (0.899 vs. 0.936; TGB × TGDA, P = 0.06). The interaction (P < 0.01) between TGB and TGDA was detected on ileal starch flow, such that the largest value was observed when both barley and DA were ground coarsely and was decreased to an average of 1.11 g/d when barley was ground finely. Coarse and fine ingredients were processed through a 4.5-or 1.5-mm grinder screen, respectively.
2 n = 48 except for mortality, where n = 264.
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Interactions between the trial and the dietary treatment, P > 0.10.
The individual feed intakes of rabbits used to assess the fecal digestibility coefficients were not affected by treatment (on average, 114 g of DM/d). Grinding both barley and DA coarsely led to the smallest fecal digestibility coefficient of starch (0.932) compared with the rest of the treatments (on average, 0.951), resulting in an interaction (TGB × TGDA, P < 0.01). Conversely, the cecal digestibility of starch was less when barley was ground finely (0.009 vs. 0.042, P = 0.03). Apparent fecal digestibility coefficients of NDF, CP, and energy were not influenced by TGB or TGDA. Average values were 0.370, 0.687, and 0.609 for NDF, CP, and energy, Coarse and fine ingredients were processed through a 4.5-or 1.5-mm grinder screen, respectively. Interactions between the trial and the dietary treatment, P > 0.10.
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All rabbits slaughtered to determine C. perfringens cecal count originated from the first trial and were 46 d of age. respectively, and the average DE content amounted to 10.8 MJ/kg of DM. No effect of treatment was obtained on the apparent cecal digestibility coefficient of CP, which was 0.089 on average. Parallel to differences observed for dietary particle distribution, TGB and TGDA also affected the proportion of LP found in the hard feces and their contents of NDF and starch among the size classes (Table 7) . In the LP size class, an interaction between TGB and TGDA was detected for NDF content (P = 0.03) and starch content (P < 0.01). Thus, the greatest quantities of NDF (458 g/kg of DM) and starch (7.42 g/kg of DM) were observed in the hard feces of rabbits fed the diet containing coarse barley and coarse DA, and the least concentrations were observed in the hard feces of rabbits fed the diet with fine barley and fine DA (412 and 3.75 g/kg of DM for NDF and starch, respectively).
Jejunal Morphology and Mucin Dynamics
Villus height decreased by 13.1% in rabbits fed the diet containing coarsely ground DA (612 vs. 704 μm, P = 0.02; Table 8 ). Likewise, crypt depth and the villus:crypt ratio were influenced by TGDA. Rabbits fed diets that included coarse DA had deeper crypts (121 vs. 92.1 μm, P = 0.01) and smaller villus:crypt ratios (5.08 vs. 7.66, P < 0.01) compared with those receiving diets with finely ground DA.
Interactions (P ≤ 0.03) between TGB and TGDA on crude mucin ileal concentrations were observed ir- Coarse and fine ingredients were processed through a 4.5-or 1.5-mm grinder screen, respectively.
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The hard feces were collected from rabbits used in the digestibility trial. Three samples of feces per diet.
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Geometric mean particle size. Coarse and fine ingredients were processed through a 4.5-or 1.5-mm grinder screen, respectively.
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Jejunal morphology and mucin dynamics were evaluated in rabbits used in the digestibility trial.
3
Jejunal morphology: n = 8. Crude mucin: n = 6.
respective of the unit of measure (Table 8 ). In all instances, the greatest mucin concentration was reported in rabbits receiving a diet with both barley and DA ground coarsely, whereas no differences were found among the other treatments. No dietary effect was observed on N concentration of crude mucin (on average, 4.0% of DM). In parallel with crude mucin, sialic acid concentration in the ileal contents reached the greatest values (178 mg/kg of dry ileal digesta or 71.7 mg/kg of DMI) when both barley and DA were ground coarsely (TGB × TGDA, P ≤ 0.04).
DISCUSSION
The TGB or TGDA did not have an important effect on growth performance in the present work. Similarly, other authors Díaz Arca et al., 1989; Lambertini et al., 2000) did not find any influence of feed grinding fineness on the growth traits of young rabbits.
Because DA was the main dietary source of insoluble fiber, grinding it finely implied a reduction of its mean particle size and a decrease in the proportion of fiber in the class of LP (≥0.315 mm) as compared with the diets containing coarse DA. Similarly, barley was the main dietary source of starch; thus, fine grinding of barley led to decreased starch content in the LP. The effects of type of grinding of fiber sources on nutrient composition of feed residues of different size fractions were also reported by Nicodemus et al. (2010) . It is interesting to characterize the size distribution of fibrous particles because particles larger than 0.315 mm are actually deemed effective fiber; they may contribute to emptying the cecum and favor increased feed intake (Gidenne et al., 1991; Gidenne, 1993; .
In the present work, fine grinding of barley and DA reduced ADFI in the second half of the fattening period (49 to 63 d of age). In addition, this same diet tended to increase the weights of the digestive tract and cecal contents at 63 d of age compared with the average value of the other treatments. These same effects of a more finely ground diet were reported by Candau et al. (1986) for rabbits aged 36 to 50 d. Moreover, grinding both barley and DA finely led to the smallest dietary percentage of LP (48.8%) and to the least fiber content in the LP (28.0%). Fine dietary particles are segregated in the proximal colon and reintroduced in the cecum (Björnhag, 1972; Bouyssou et al., 1988) , and Gidenne (1993) found a longer mean retention time with fine particles (<0.3 mm) compared with larger ones. In a further work , this greater accumulation of digesta in the cecum had a negative effect on feed intake, similar to the way rumen fill determines feed intake in ruminants (Van Soest, 1994) . Gidenne et al. (1991) conducted a study similar to the present one in which grinding alfalfa hay, which was the main ingredient in the diet (76.5%), with a 1-mm instead of a 3-mm screen led to a noticeably longer retention time of digesta (19.8 vs. 13.9 h), mainly because of a longer stay of fine particles in the cecum (9.4 vs. 6.9 h). On the other hand, shorter stays of coarse particles in the digestive tract are linked to greater flows of nutrients. Consequently, in the present work, coarse grinding of both barley and DA implied a greater ileal flow of starch, impairing ileal and fecal digestibilities alike. These smallest digestibility coefficients of starch corresponded to the greatest starch content in the fecal proportion of LP. As a consequence of the increased ileal flow of starch, its cecal digestibility was greater when barley was ground coarsely.
However, most apparent fecal digestibility coefficients were not affected by dietary treatment. Likewise, other studies Díaz Arca et al., 1989; Lambertini et al., 2000) did not report any difference in apparent fecal digestibility of DM, CP, or ether extract when the type of grinding of feed was varied. Nicodemus et al. (2006) detected a decrease in fecal CP digestibility when dietary particle size was reduced, but this effect could be more closely related to characteristics of the ingredients used (paprika meal, soybean hulls, and sugar beet pulp) than to the particle size itself. Lebas (2000) concluded that it was difficult to improve N or fiber digestion by modifying only the type of grinding of dietary components.
Fine grinding of both barley and DA tended to reduce pH measured at the pyloric area and in mixed digesta, in comparison with the diet containing coarse barley and DA. Most work dealing with the effect of dietary particle size on rabbit physiology has not measured gastric pH (García et al., 2000; Nicodemus et al., 2006) , but several authors have reported a greater incidence and severity of ulcers caused by very low gastric pH in pigs when particle size is reduced (Maxwell et al., 1970; Wondra et al., 1995; Lang et al., 1998) . Treatments in the present investigation did not influence cecal pH (on average, 5.54). Cecal pH has been modified only when both type of fiber and grinder screen size varied to a great extent (García et al., 2000; Nicodemus et al., 2006) .
A slower rate of digesta passage in the hindgut has often been related to an impairment of rabbit health (Lebas et al., 1998; Nicodemus et al., 1999; Gidenne et al., 2001 ) because a longer cecal retention time of undigested feedstuffs could contribute to the proliferation of opportunistic and pathogenic bacteria (Straw, 1988) . Among these opportunistic bacteria, C. perfringens may have a major role in most digestive disorders, according to several researchers who found a positive relationship between C. perfringens cecal concentration and mortality rate Gómez-Conde et al., 2007; Romero et al., 2009b) . In the present investigation, neither C. perfringens cecal count nor mortality rate was influenced by the type of grinding of ingredients. According to the results presented by Lambertini et al. (2000) , mortality rate and coliform numbers in the cecal contents were also unaffected by the grinding fineness of the feed. Furthermore, Nicode-mus et al. (2004) did not observe any effect of particle size on the enumeration of C. perfringens in the ileum and cecum or on mortality rate.
Mortality rate in the first trial (5.9%) of the present work is not only in keeping with the decreased cecal concentration of C. perfringens (on average, 3.1 log cfu/g) but also with the reduced average number of spores of this same bacterium (820 cfu/g) found in the dust collected over the air extractors. Likewise, Romero et al. (2009a) found a parallel increase in mortality rate and number of C. perfringens spores detected on the farm over 2 consecutive fattening cycles.
In commercial practice, it is generally thought that greater flows of starch reaching the distal part of the ileum lead to carbohydrate overload in the cecum, the proliferation of pathogenic bacteria, and hence greater mortality rates. However, in the present work, the ileal flow of starch did not bear any relationship to mortality rate. In fact, Gidenne and García (2006) considered that, in most cases, the starch flow remains less than 2 g/d; thus, it is very unlikely that a cecal overload of starch could be responsible for a greater incidence of digestive troubles.
All the measurements to evaluate jejunal morphology were affected by TGDA. Coarse DA shortened the villi, increased the crypt depth, and reduced the villus:crypt ratio. To the knowledge of the authors, this is the first work studying the effect of dietary particle size on quantitative histological measurements in growing rabbits. Previous research using purified diets pointed out that dietary fiber caused mechanical damage to intestinal epithelial cells (Chiou et al., 1994) . These authors found that, in particular, villi were shorter in rabbits fed a diet supplemented with lignin. In addition, when alfalfa was used as a dietary fiber source, the jejunal villus height values were very close to those observed in the present study. In the present work, coarse grinding of DA had an effect on jejunal morphology similar to that observed with a decreasing amount of neutral detergent-soluble fiber . Nevertheless, the latter study found much shorter villi than those observed in the present investigation, especially when oat hulls were included in the diet. It could be hypothesized that the shortening of villus height found by Gómez-Conde et al. (2007) was actually due to the larger particle size of oat hulls compared with that of alfalfa hay particles.
Despite the effect of TGDA, average villus heights and crypt depths in the present work also indicate a good health status at the farm in the first trial because this range of measurements usually corresponds to those of healthy animals , contrary to those found in ill rabbits (Licois et al., 2006; Dewrée et al., 2007) . Thus, it may not be considered that the shortening of villi caused by coarse DA would result in any damage to the rabbit. In fact, rabbits, as herbivores, are certainly adapted to the physical impact of fiber on mucosa morphology. Regarding crypts, similar results have been found in rats ; shallower crypts were observed in the small intestine of rats fed finely powdered ingredients, compared with the small intestine of rats fed a diet including coarsely ground fiber.
When larger feed particles pass through the lumen of the intestine, they may damage the mucosa, leading to a greater presence of sloughed epithelial cells in the ileal endogenous losses. In the present work, the greatest mucin concentration was reported, regardless of the unit, in rabbits receiving a diet with both barley and DA ground coarsely, whereas no differences were found among the other treatments. The same interaction between TGB and TGDA was observed for sialic acid concentration. Even though C. perfringens has been proven to be a mucolytic bacterium (Deplancke et al., 2002) , differences in crude mucin ileal concentration were not related to C. perfringens proliferation in this work because no effect of treatments was detected for the latter variable. Mantle and Thakore (1988) are likely the sole authors to have reported a mean value of mucin content in the distal part of the small intestine of rabbits (on average, 43.8 μg of mucin/mg of tissue protein). Compared with other small nonruminant animals, the values measured in this work are greater than those found by Horn et al. (2009) for broilers chicks and White Pekin ducklings. A possible explanation for this difference could stem from the much greater inclusion of fibrous ingredients in rabbit diets, which can drag mucoproteins, desquamated cells, and other products of endogenous origin in their way through the small intestine. performed a morphometric analysis of intestinal mucins in rats by comparing 2 different diets in which the fiber content derived from either coarsely milled cereals products or powdered cellulose. These authors found that the number of acidic mucincontaining cells was greater in rats fed the diet including coarsely milled fiber sources. In addition, the staining density of neutral mucin granules in the cells of the small intestine was increased when rats were given the diet with coarsely milled ingredients.
Furthermore, Mantle and Thakore (1988) determined the carbohydrate profile of purified rabbit intestinal mucins but did not quantify the N content. As a complement, the present work gives a N concentration in crude mucin excreted (on average, 4.0% of DM). When considering crude mucin ileal concentration and its N content together, it is possible to determine mucin ileal N flow. Thus, on average, a mean value of 4.68 g of N/ kg of DMI can be estimated in the present work. This result is fully consistent with the basal ileal N losses in pigs established by Boisen and Moughan (1996) , which varied from 3.2 to 6.4 g of N/kg of DMI when vegetable feeds were used, compared with 1.6 to 2.4 g of N/kg of DMI obtained by using N-free diets. Furthermore, based on the results of Jansman et al. (2002) , it is feasible to calculate an average value for endogenous ileal N losses in pigs. This value amounts to 1.89 g of N/kg of DMI, and, as expected, because of the minimal inclu-sion of fibrous ingredients in pig diets, it is much less than the data obtained in the present study for growing rabbits (2.48 times less). In fact, García et al. (2004) also compared their results with those of Jansman et al. (2002) and found that daily endogenous ileal N flow was between 2.7 and 3.2 times greater in rabbits.
In conclusion, the diet containing fine barley and coarse DA did not increase cecal content weight, resulted in a greater feed intake, and led to increased ileal digestibility and reduced ileal flow of starch. Results of the present investigation seem to justify the interest in a different type of grinding for cereals and fibrous ingredients in rabbit feeding because grinding both barley and DA coarsely impaired starch digestibility and increased mucin ileal concentration, whereas grinding both ingredients finely led to an increased cecal content weight and a reduced feed intake.
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